B cells, as an important part of the humoral immune response, are generated in the BM, migrate to secondary lymphoid organs, and upon activation, differentiate into antibody-producing memory B cells or plasma cells. Despite the pivotal roles that they play in different diseases, a comprehensive characterization in healthy rhesus macaques, which serve as valuable models for a variety of human diseases, is still missing. With the use of multiparameter flow cytometry, we analyzed B cells in BM collected from two locations, i.e., the iliac crest (BMca) and the femur (BMfem), PB, as well as secondary lymphoid organs of healthy rhesus macaques. We assessed the frequencies of immature and mature B cells, as well as CD19 + CD20 -CD38 +/++ CD138 +/++ plasmablasts/plasma cells. Furthermore, we found sitespecific differences in the expression of markers for B cell activation and proliferation, chemokine receptors and Igs, as well as the distribution of memory B cell subpopulations. As secondary lymphoid organs harbor the highest frequencies of naive B cells, expression of CD80, CD95, and Ki67 was lower compared with B cells in the periphery and BM, whereas expression of IgD, CXCR4 (CD184), and CCR7 (CD197) was higher. Interestingly, BMca differed from BMfem regarding frequencies of B cells, their expression of CD80 and CXCR4, T cells, and plasma cells. In summary, these data identify baseline values for the above-mentioned parameters and provide the foundation for future studies on B and plasma cells in different diseases.
Introduction
B cells, as part of the adaptive immunity, are responsible for the humoral responses against pathogens. They stem from progenitor cells in the BM, which differentiate into immature and subsequently mature, naive B cells. Upon activation in lymphoid tissues, B cells differentiate into short-lived Ig-secreting cells or long-lived memory B and plasma cells. The different B cell subpopulations recirculate in PB to different tissues, whereas plasma cells reach niches in the BM or other compartments, where they maintain antibody production [1] [2] [3] [4] .
B cells play important roles in autoimmune diseases, such as systemic lupus erythematosus and multiple sclerosis [5] , or infectious diseases, such as hepatitis C virus [6] and HIV infection. Several B cell defects are associated with the latter, such as polyclonal hypergammaglobulinemia, presence of immature B cells in blood, increased frequency of activated B cells, and loss of memory B cell populations [7] [8] [9] [10] [11] [12] [13] [14] . To date, the most widely used animal model for HIV/AIDS research is the experimental infection of rhesus macaques (Macaca mulatta) with SIV, as it recapitulates many aspects of HIV infection [15] . Most information on B cells arises from human studies, although an improved understanding of B cells in the SIV macaque model is necessary to transfer results from nonhuman primate studies to applications in humans. Over the last few years, some studies on the role of B cells in SIV infection have been reported [16] [17] [18] [19] [20] , but these mainly focused on particular B cell subpopulations and often included already-vaccinated or infected animals. Therefore, normal values for a variety of B cell subpopulations and their expression of different function-associated markers are rare, mostly based on small animal numbers, or even missing.
For plasma cells, in both humans and macaques, even less information is available. Only very low numbers of plasma cells (2/mL) are present in the blood of healthy donors [21] . As a result of this low cell count and the difficulty in collecting sufficient numbers of human BM samples, where plasma cell quantities are expected to be considerably higher, only few analyses on human plasma cells were performed. In contrast, BM can be much easier obtained from rhesus macaques, thus enabling a more detailed characterization of plasma cells from this location for comparison with those found in the circulation.
Here, we performed a comprehensive polychromatic flow cytometric analysis of different B cell subpopulations and plasma cells in healthy rhesus macaques. Our analysis included, apart from PB, a variety of organs, such as BM as a primary and axillary, as well as mesenteric LN, spleen, and tonsils as secondary lymphoid organs. Besides frequencies of B cell subsets in all investigated organs, we provide absolute cell numbers for PB and BM. We not only analyzed the distribution of naive and different memory B cell subsets in the listed locations but also checked for their expression of Igs, the activation markers CD80 und CD95, the proliferation marker Ki67, and the chemokine receptors CXCR4 (CD184) and CCR7 (CD197). As expression of Ki67, CD95, and CD184 clearly differs between human-circulating and BM plasma cells [21] [22] [23] [24] , we analyzed those markers on rhesus plasma cells. Notably, we compared BM collected from two different sites, one from the iliac crest by aspiration (BMca) as a routinely applicable technique and the other sampled postmortem from the femur (BMfem).
MATERIALS AND METHODS

Animals
For this study, 16 (15 male) healthy, captive-bred, adult rhesus monkeys (M. mulatta) of Indian origin, ranging from 5 to 7.5 years of age, were used. Additionally, samples from 4 male animals (ranging from 4 to 5.5 years of age) were taken upon necropsy. All animals were seronegative for SIV, simian retrovirus, and T cell leukemia virus. The animals were housed at the German Primate Center under standard conditions in accordance with the German Animal Welfare Act, which complies with the European Union guidelines on the use of nonhuman primates for biomedical research.
Tissue sampling and processing
To collect blood and BM samples ex vivo, animals were anesthetized with a mixture of 5 mg ketamin, 1 mg xylazin, and 0.01 mg atropine/kg body weight. For analgesia, 0.5 mg meloxicam/kg body weight was administered i.m. before BM collection. Blood samples were taken from the femoral vein by use of the Vacutainer system (BD Biosciences, Heidelberg, Germany). BMca samples were obtained by aspiration by use of aseptic techniques. The collected BM quantity was limited to 0.5-1 ml. Citrate was added as an anticoagulant.
BMfem and BM from the axillary and mesenterial LN, spleen, and palatine tonsil were collected upon necropsy, weighed, and placed in RPMI media, enriched with 10% FCS and different antibiotics on ice until further processing, as described before [25] .
Flow cytometry and cell analysis
Whole blood (50 mL) and BM preparations or 2. 
CD20
+ B cells (17 6 6% in BMfem, 15 6 7% in axillary LN, 15 6 6% in mesenteric LN), whereas in tonsils, the highest frequencies of all investigated organs were detected (39 6 11%).
Additionally, we noticed a CD3 + CD20 + double-positive cell population in BMfem (4.2 6 1.9%) and the investigated secondary lymphoid organs (12 6 4% in axillary LN, 14 6 3% in mesenteric LN, 3.9 6 1.7% in spleen, 11 6 4% in tonsil), which was almost absent in PB (0.4 6 0.25%) or BMca (0.6 6 0.5%; Fig. 1 ). More rigorous doublet exclusion did not eliminate this population but led to a reduction of ;30% in the analyzed secondary lymphoid organs (data not shown). As this population has been reported before for both humans and rhesus macaques [25, 26] , we assume that it is not an artifact and needs further investigation.
In humans, transitional or immature B cells represent a minor population of circulating B cells, accounting for 2-4% of all PB B cells [27] . These cells can be distinguished from mature B cells by their distinct phenotype, i.e., expression of CD10 and unmutated Ig genes [27] . In PB Expression of activation markers, proliferation marker, and chemokine receptors on naive and memory B cells in blood, BM, and secondary lymphoid organs
Next, we assessed the expression of activation and proliferation markers, as well as chemokine receptors on B cells in the different compartments of interest. As naive and memory B cells differ in their phenotype and function, we also checked for differences in the expression of these markers on both B cell subsets. Representative dot plots and gating for all analyzed markers and organs are given in Supplemental Fig. 1 . We used CD27, a TNF-related type II transmembrane protein, expressed on various lymphocyte populations [28] , to discriminate between naive (CD27 -) and memory (CD27 + ) B cells [29] . Analysis of the distribution of naive and memory B cell subsets revealed clear differences between the different compartments. In PB and both BM samples, 50-60% of B cells displayed a memory phenotype (59 6 14% in PB; 52 6 15% in BMca; 56 6 9% in BMfem), whereas in spleen and tonsils, ;35% were CD27 positive (38 6 4% in spleen; 33 6 5% in tonsil). In LN, almost 90% of mature B cells display a naive phenotype (88 6 3% in axillary LN, 86 6 7% in mesenteric LN; Fig. 2A ), corresponding to the role of LN as the site of naive B cell activation.
Expression of CD80, also known as B7.1, provides costimulatory signals to T cells and is a typical marker of B cell activation. Between analyzed tissues, differences in CD80 expression existed, with percentages of CD80-positive cells ranging from 10% to 30% in secondary lymphoid organs (10 6 5.6% in axillary LN; 13 6 4.4% in mesenteric LN; 14 6 6.2% in tonsil; 32 6 17.8% in spleen) and up to 69% in the other organs (69 6 11% in PB, 51 6 16% in BMca, 49 6 12% in BMfem). Furthermore, differences between the naive and memory B cell subsets were observed. With the exception of B cells in the BMfem, memory B cells exhibited an up to 3-fold higher expression of CD80 (82 6 12% in PB; 67 6 26% in BMca; 29 6 8% in axillary LN; 21 6 8% in mesenteric LN; 35 6 16% in spleen; 22 6 9% in tonsil) when compared with naive B cells (45 6 20% in PB, 34 6 12% in Figure 2 . Expression of B cell activation and proliferation markers, as well as chemokine receptors, on total, naive, and memory B cells.
Frequencies of (A) CD27
-(naive) and CD27 + (memory) B cells and (B)
+ cells of total (all), naive (CD27 -), and memory (CD27 + ) B cells in PB, BMca ex vivo or post mortem from the BMfem, axillary (axi) and mesenteric (mes) LN, spleen, and tonsil are shown. Horizontal lines indicate mean (n = 20 for PB and BMca; n = 4 for the other organs). *P , 0.05, **P , 0.01, and ***P , 0.001. BMca, 7.4 6 6.2% in axillary LN, 12 6 5.9% in mesenteric LN, 23 6 11% in spleen, 10 6 5.2% in tonsil). In contrast, 86 6 3% of naive but only 14 6 8% of memory B cells in the BMfem expressed CD80 (Fig. 2B ).
CD95, a death receptor also known as Fas, is another relevant B cell activation marker, mainly expressed on activated memory B cells [18] . When comparing total B cells, we found the lowest expression of CD95 in LN (21 6 17% in axillary LN and 14 6 5% in mesenteric LN), followed by tonsils (26 6 10%), BMfem (28 6 6%), and spleen (31 6 7%), and the highest one in PB and BMca (50 6 9% in PB; 46 6 10% in BMca). As seen for CD80 expression, naive and memory B cells differ in their expression of CD95 with memory B cells, displaying a higher frequency of CD95 + cells compared with naive B cells. The latter displayed frequencies of CD95 + cells between 8% in LN (14 6 13% in axillary LN and 7.6 6 3% in mesenteric LN) and ;20% in the other organs (20 6 10% in PB, 21 6 9% in BMca, 15 6 3% in BMfem, 16 6 5% in spleen, 14 6 5% in tonsil), whereas between 40% and 70% of memory B cells express CD95 (66 6 7% in PB, 70 6 7% in BMca, 42 6 11% in BMfem, 44 6 21% in axillary LN, 38 6 12% in mesenteric LN, 51 6 10% in spleen, 47 6 16% in tonsil; Fig. 2C ).
To measure proliferating B cells, Ki67, a nuclear matrixassociated antigen and intranuclear marker for proliferation [30] , was investigated. Splenic and LN B cells showed the lowest frequency of Ki67 + cells (5.8 6 2.6% in axillary LN, 5.3 6 1.9% in mesenteric LN, 5.4 6 4.9% in spleen), followed by BMfem (8.7 6 3.5%), tonsil (12.5 6 6%), BMca (14 6 6.8%), and PB (23 6 8.6%). As expected, memory B cells displayed a higher frequency of Ki67
+ cells compared with naive B cells (PB: naive 18 6 8.3%, memory 26 6 9.5%; BMca: naive 8 6 5.8%, memory 16 6 9%; BMfem: naive 9 6 5.5%, memory 19 6 6%; axillary LN: naive 3.4 6 1.6%, memory 16 6 7%; mesenteric LN: naive 3.3 6 1.7%, memory 17 6 5%; spleen: naive 3.5 6 2.9%, memory 12 6 6%; tonsil: naive 6.2 6 3.5%, memory 23 6 11.5%; Fig. 2D ). B cell trafficking to certain tissues is guided by specific combinations of chemokines and their receptors. For instance, CXCR4 (CD184) and CCR7 (CD197) drive B cells to LN via attraction by the correspondent chemokines CXCL12, CCL19, and CCL21 [31] . As stromal cells in the BM can also secrete CXCL12, another function of CXCR4 is to drive B cell homing to the BM [31, 32] . As reported for circulating human naive and memory B cells [33] , we could also detect CCR7 and CXCR4 expression on rhesus B cells in blood and BM.
When analyzing CXCR4 expression, we found clear differences between the different analyzed tissues and also between BMca and BMfem. Whereas 12 6 5% and 13 6 5% of total B cells in PB and BMca expressed CXCR4, their counterparts in BMfem displayed a substantially lower expression (3 6 2.9%; P , 0.01). In comparison, B cells in all investigated secondary lymphoid organs displayed a higher CXCR4 expression, with the lowest frequency in LN and spleen, followed by tonsil (52 6 12% in axillary LN, 54 6 12% in mesenteric LN, 57 6 11% in spleen, 72 6 23% in tonsil; for all secondary lymphoid organs: P , 0.01 for PB and BMca; P , 0.05 for BMfem). Except for BMfem, naive B cells exhibited a 2-to 3-fold higher CXCR4 expression when compared with memory B cells. Approximately 20% of naive B cells in PB and BMca and up to 77% in secondary lymphoid organs expressed CXCR4, whereas CXCR4 expression in memory B cells ranged from 6% to 47% (PB: naive 18 6 9%, memory 7.6 6 4.9%; BMca: naive 20 6 8.5%, memory 5.9 6 3%; BMfem: naive 3 6 1.2%, memory 9.9 6 2%; axillary LN: naive 56 6 14%, memory 29 6 5.5%; mesenteric LN: naive 56 6 14%, memory 39 6 7.9%; spleen: naive 69 6 15%, memory 34 6 14%; tonsil: naive 77 6 21%, memory 47 6 29%; Fig. 2E ).
Expression of CCR7 ranged from 20% to 49% in all analyzed organs, with highest frequencies in LN and tonsils (26 6 6% in PB, 27 6 11% in BMca, 21 6 7% in BMfem, 41 6 10% in axillary LN, 49 6 16% in mesenteric LN, 24 6 5% in spleen, 42 6 19% in tonsil) . According to its above-mentioned function, CCR7 is expressed higher on naive B cells compared with memory B cells (PB: naive 39 6 9%, memory 18 6 6%; BMca: naive 37 6 14%, memory 18 6 8%; BMfem: naive 39 6 12%, memory 6 6 4%; axillary LN: naive 42 6 9%, memory 29 6 15%; mesenteric LN: naive 54 6 17%, memory 50 6 17%; spleen: naive 28 6 5%, memory 17 6 6%; tonsil: naive 32 6 4.5%, memory 26 6 11%; Fig. 2F ).
In short, B cells in blood, BM, and secondary lymphoid organs differ, not only with regard to the distribution of naive and memory subpopulations but also in their expression of different markers for activation or proliferation, as well as chemokine receptors necessary for homing to LN or BM. Although the distribution of T and B cells in BMca differs from BMfem, B cells from both sites show similar expression of the investigated markers with the exception of CD80 on naive and memory B cells and CXCR4 expression.
Distribution of B cell subpopulations
For a long time, CD27 has been solely used to distinguish between naive (CD27 -) and memory (CD27 + ) B cells [29] . Titanji et al. [18] used, for the first time, CD21, a part of the BCR complex, to define further memory B cell subpopulations in rhesus macaques. We applied this nomenclature to define B cell subpopulations as naive (CD21 + CD27 -), resting memory (CD21 + CD27 + ), activated memory (CD21 -CD27+), and tissue memory (Fig. 3A) . We noticed considerable differences for the frequencies of naive and memory B cell subsets when analyzing PB, BM, and secondary lymphoid organs (Fig 3A) . Naive B cells are the main B cell subpopulation in LN (axillary: 79 6 6%, mesenteric: 78 6 9%, spleen: 48 6 6%, and tonsil: 62 6 4%), whereas they are the second dominant population in BMca (34 6 12%) and the third largest in PB (23 6 10%) and in BMfem (21 6 9%). As reported for humans and cynomolgus macaques [34] [35] [36] [37] , we identified a CD21
++ CD27 -population in spleen (32 6 8.5%) and LN (31 6 10% in axillary LN, 23 6 6% in mesenteric LN), which is thought to represent marginal-zone B cells. The highest frequencies of resting memory B cells were found in tonsils (11 6 3%) and spleen (9 6 1.8%), followed by the other analyzed organs (mean in PB: 2.3 6 1.3%, BMca: 5 6 2.3%, BMfem: 1.8 6 0.1%, axillary LN: 3.6 6 2.2%, mesenteric LN: 5 6 2.6%). Activated memory B cells represent the largest B cell subpopulation in blood and both BM preparations, with a slightly higher portion in BMfem (56 6 10%) compared with PB (46 6 12%) and BMca (41 6 13%). The fraction of this memory subset on total B cells becomes smaller in spleen (29 6 2%) and tonsils (12 6 4%) and is lowest in the LN (axillary LN: 7 6 2.5%, mesenteric LN: 5 6 2.4%). In blood, BMfem, LN, and tonsil tissue memory B cells constitute the second-largest B cell subset (PB: 28 6 8%, BMfem: 21.6 6 3.6%, axillary LN: 10 6 2.5%; P , 0.01 for PB; mesenteric LN: 12 6 5.8%; data not shown), whereas they represent the third-largest one in BMca (20 6 6%) and spleen (14 6 8%). Analysis of absolute cell numbers in PB and BMca revealed a comparable distribution of naive (PB: 64 6 28, BMca: 54 6 34 cells/mL), resting memory (PB: 14 6 12, BMca: 11 6 9 cells/mL), activated memory (PB: 199 6 88, BMca: 98 6 45 cells/mL), and tissue memory (PB: 92 6 52, BMca: 53 6 38 cells/mL; n = 16) B cells when compared with the corresponding frequencies in both organs.
Of note, we found striking differences in the distribution of naive and memory B cells when we compared samples of freshly isolated PBMCs or BM with thawed samples from the same animal and time-point (Supplemental Fig. 2A and B) . In whole blood and freshly isolated PBMCs, naive and memory B cell subsets were comparably distributed, whereas in thawed PBMCs, higher frequencies of naive or tissue memory and lower frequencies of activated memory B cells were detected (Supplemental Fig. 2C ). This phenomenon became even more prominent when we compared fresh and thawed BMfem samples. In freshly isolated BM, activated memory B cells comprise the largest B cell subpopulation, whereas in thawed samples, just a few CD27 + cells were present. In contrast, the proportion of tissue memory B cells increased almost 3-fold, representing ;80% of B cells (Supplemental Fig. 2D ).
Expression of Igs in blood and BM
The main function of B cells is the production of antigenspecific Igs to generate protective humoral immune responses. Human naive B cells coexpress IgM and IgD [33, 38] , whereas following isotype switch memory, B cells express sIgG and sIgA, and one-half of them still coexpresses sIgM and sIgD [33] . Analysis of IgD and CD27 expression facilitates the discrimination of IgG-, IgA-, or IgM-secreting cells. Fig. 3B ). 
Plasmablasts and plasma cells in blood, BM, and secondary lymphoid organs
In humans, circulating plasma cells are termed plasmablasts. These cells are generated within LN, circulate for a short period of time, and finally reach niches in BM, spleen, LN, or mucosaassociated lymphoid tissue. In these niches, survival factors, as well as other stimuli, lead to the final differentiation of plasmablasts into long-lived, mature plasma cells. Human plasma cells are defined as CD10 -CD19 + CD20 dim/-CD27 ++ CD38 ++ . Approximately one-half of circulating plasmablasts expresses CD138, and the plasmablasts display a more mature phenotype, characterized by the absence of sIg, lower CD45 expression, and higher expression of CD27 and CD38 [21] . For rhesus macaques, it was reported that circulating plasma cells lack CD27 upregulation associated with human plasmablast formation and show a CD19 + CD20 -CD38 + CD138 + phenotype [20, 40, 41] .
We applied this marker combination to identify plasmablasts or plasma cells in PB, BM, and secondary lymphoid organs of our healthy rhesus macaques (Fig. 4A) . In all investigated organs, we found most of the CD19 + CD20 -cells to be CD38 + CD138 + but we were unable to detect major differences in the percentages of these cells between PB (2.6 6 1.5%) and both BM preparations (2.3 6 1% in BMca, 2.6 6 0.7% in BMfem) of total cells. Interestingly, we detected higher absolute cell numbers of this cell population in PB (404 6 223 cells/mL) compared with BMca (247 6 203 cells/mL; n = 16). Overall, secondary lymphoid organs displayed lower frequencies of CD38 + CD138 + cells compared with blood or BM. We found higher frequencies of these cells in tonsils (0.7 6 0.3%) and mesenteric LN (0.9 6 0.4%) compared with spleen (0.3 6 0.16%) and axillary LN (0.4 6 0.3%; Fig. 4B ). Interestingly, we identified a CD38 ++ CD138 ++ population in both BM aspirates (BMca: 0.32 6 0.2%, BMfem: 1.6 6 0.9%), which was almost completely absent in PB (0.09%) and secondary lymphoid organs (axillary LN: 0.02%, mesenteric LN: 0.2%, spleen: 0.03%, tonsil: 0.1%; Fig. 4A and C (Fig. 5A) . Additionally, we observed a higher expression of intracellular IgG in both plasmablast/ plasma cell populations (Fig. 5B) , but whereas nearly all CD38 ++ CD138 ++ cells were IgG-positive, considerably less CD38 + CD138 + cells were positive for this Ig (Fig. 5B) . Spontaneous IgG secretion was analyzed in magnetically separated CD138
+ cells with a purity of .95% (indirect evidence through Supplemental Fig. 3 ). These purified CD138 + cells were plated on anti-IgG antibody-coated plates and incubated overnight without in vitro stimulation. Between 1.4% and 3.4%, ASC/ 10 6 CD138 + was detected, whereas PBMCs, as well as cells lacking CD138 + cells (CD138 -, Supplemental Fig. 3 ), did not have the ability of spontaneous IgG secretion (Fig. 5C ). As B cell differentiation in rhesus macaques is thought to lack CD27 up-regulation [19] we also analyzed its expression on CD38 + CD138 + and CD38 ++ CD138 ++ cells. CD38 + CD138 + cells in blood and both BM preparations are CD27 positive (PB: 82 6 16%, BMca: 77 6 22%, BMfem: 94 6 2%), albeit with a lower fluorescence intensity of CD27 compared with CD20 + B cells (Fig. 5D) . Nonetheless, in blood and BMca of some of our investigated animals, we found CD38 + CD138 + cells to express CD27 highly, whereas this subset of cells in BMfem was almost absent (Fig. 5E) high , only 37 6 18% of this subset in BMfem showed a high expression of CD27 (Fig. 5E ). These data indicate that at least a certain proportion of plasma cells with a CD19 + CD20 -CD38 +/++ CD138 +/++ phenotype in PB and BMca highly expresses CD27.
Human-circulating plasma cells display an activated phenotype with ;70% Ki67 + cells [21] , whereas BM plasma cells are Ki67 negative [23] . Analysis of Ki67 expression on plasma cells in our rhesus macaques gave a different picture. On average ,12 6 7.5% of CD38 + CD138 + cells in blood, 25 6 14% in BMCa, and 22 6 10% in BMfem were Ki67 positive. Furthermore, we found 48 6 15% of the CD38 ++ CD138 ++ population in BMca, and 40 6 17% of this population in BMfem is Ki67 positive (Fig.5F ).
Another molecule, whose expression differs in human PB and BM plasma cells, is CD95. Whereas human PB plasma cells show a low but detectable CD95 expression, BM plasma cells lack this molecule [22, 24] . Again, we found distinct expression profiles on plasma cells in rhesus macaques compared with the reported expression in human plasma cells. In blood, 12 6 11% of CD38 + CD138 + cells expressed CD95, whereas 14 6 4% in BMca and 8 6 3% of this subset in BMfem were CD95 positive (Fig. 5G) . The CD38 ++ CD138 ++ population in BMca revealed even a higher frequency of 52 6 21% CD95 + cells, whereas only 25 6 13% of these cells in BMfem expressed this marker (Fig. 5G) . Human PB plasma cells express only low levels of CXCR4, but its presence on BM plasma cells has been reported [22, 33, 42] . In our healthy rhesus macaques, 30 6 9% of CD38 + CD138
+ cells in PB and 21 6 13% of CD38 + CD138 + cells in BMca expressed CXCR4, whereas 60 6 12% of these cells in BMfem were CXCR4 positive (Fig. 5H, left) . In contrast, most of the CD38 ++ CD138 ++ cells in both BM fractions were CXCR4 + (BMca: 76 6 17%, BMfem: 93 6 5%; Fig. 5H, right) . To review, we found broad differences with respect to the expression of certain investigated markers on plasma cells from rhesus macaques compared with the reported expression profile on their human counterparts.
DISCUSSION
Several B cell defects are associated with HIV/SIV infection, and over the past few years, the role of B cells in these diseases has BMca was used as a routine technique for analyses of BMderived cells ex vivo, whereas we limited sample collection from the femur of rhesus macaques to necropsy. Unexpectedly, we found considerable differences in the distribution of CD45 + lymphocytes and accordingly, T cells, immature and mature B cells, as well as CD19 + CD20
-/CD38 ++ CD138 ++ plasma cells when comparing BM from both collection sites (Figs. 1 and 4) . The most obvious differences were detected when comparing frequencies of immature CD10 + CD20 + B cells. Demberg et al.
[20] reported very few CD10 + cells in PBMCs and BM of healthy and chronically infected rhesus macaques. Likewise, we observed low levels in blood and BMca but up to 4-fold higher proportions in BMfem. In general, we found higher percentages of CD10 + progenitor cells in BMfem compared with BMca (data not shown). The reason for these observed differences is unclear, as BM in flat bones, like the iliac crest, is mainly red and consists of hematopoietic tissue, whereas yellow marrow with a high content of adipocytes becomes dominant in the diaphyseal portion of long bones, such as the femur, particularly in older animals. Therefore, one would expect higher percentages of lymphoid progenitor cells in the iliac crest than in the femur. The unavoidable higher blood contamination of BMca samples compared with those from BMfem is the most likely cause.
Despite the observed differences in the frequencies of B and plasma cells, only minor phenotypic differences of mature B cells, namely, CD80 and CD184 expression, and CD95 expression on CD19 + CD20 -CD38 ++ CD138 ++ plasma cells were detected when comparing the two different BM sites (Figs. 2B and E and 5G). These observations clearly demonstrate the heterogeneity of BM from different sites and highlight the importance of quoting the site from which BM samples were retrieved to enable a comparison between different studies.
Memory B cell subpopulations exhibit site-specific distribution, but cryopreservation potentially leads to a loss of CD27 + memory B cells
Mature B cells represent the largest B cell population in all investigated organs, and the distribution of naive (CD27 -) and memory (CD27 + ) B cell subpopulations in blood differed from that of the different BM locations or the analyzed secondary lymphoid organs (Fig. 2A) . Following maturation within the BM, naive B cells migrate to secondary lymphoid organs and upon T cell-dependent stimulation, differentiate into memory B cells. These memory B cells enter circulation, reach niches within BM, or are retained within certain structures of spleen and tonsils. Accordingly, we detected the highest frequencies of naive B cells in LN and spleen, whereas memory B cells comprised the predominant population in PB, both BM sites, and tonsils ( Fig. 2A) .
A (Fig. 3B) .
Notably, the percentages of naive and memory B cell subpopulations in blood and BM differed from those reported before [18, 20] . Only slight differences were observed when we compared our results of B cell subpopulations in whole blood with those described previously [17] , where naive and activated memory B cell subpopulations in blood were equally distributed with mean percentages of 40% but high variations. Comparable with our results, resting and tissue memory B cells in blood accounted for 10% and 30%, respectively. In contrast to our results, tissue memory B cells were reported to be the largest B cell population in BM [18] . Even larger differences were noted compared with earlier data [19] , which specified tissue memory B cells as the predominant B cell population in blood (40%) and BM (60-90%). In the present study, we analyzed fresh samples of whole blood and BM, but when we compared these data with autologous frozen samples, we discovered a considerable loss of CD27 + cells of CD19 + (data not shown) and CD20 + B cells. This effect was even more pronounced in frozen BM samples, which displayed an almost complete shift toward tissue memory B cells and loss of activated memory B cells (Supplemental Fig. 2 ). The reason for this reduction in the CD27 + B cell subset is, so far, not known but might be a result of a selective loss of activated memory B cells, as expression of CD27 on T cells was not altered when we compared fresh and thawed samples (data not shown). Nonetheless, this finding is of utmost importance, as our data indicate that previous [20] or current studies by use of frozen samples do not properly reflect the distribution of naive and memory B cell populations. In 2 recent publications, mucosal B cells were analyzed, revealing that the distribution of mucosal memory B cells is distinct from that in PB [43, 44] . B cells in duodenal, jejunal, or rectal tissues were found to lack CD27 expression, thereby exhibiting a naive (CD21 + CD27 -) or tissuelike memory phenotype (CD21 -CD27 -). Interestingly, a high proportion of both populations exhibits a switched IgD -phenotype, as well as a high IgA secretion. In both publications, it was not mentioned whether fresh or cryopreserved tissues have been used, but possible effects of tissue processing or B cell activation on CD27 expression were discussed [43] . Thus, the effect of cryopreservation and/or tissue processing in a broader panel of organs and on additional markers requires further investigation.
Naive and memory B cells display distinct expression of activation and homing markers
Apart from analyses of the distribution of naive and memory B cell populations, we also investigated the expression of activation, as well as proliferation markers and chemokine receptors on total, CD27 -, and CD27 + B cells (Fig. 2) . As described previously [18] , memory B cells exhibit a higher expression of the activation markers CD80 and CD95 compared with naive B cells in all investigated organs except for the expression of CD80 on naive B cells in BMfem. The reason for this high expression at this particular BM site is, so far, unknown. CD80 expression is usually absent or only present at lower levels on naive B cells [45] , but besides through triggering of the BCR, it can also be induced by CD40R engagement and certain cytokines [46, 47] . Whether the local cytokine milieu or the expression of CD40 ligand on T or other cells within BMfem leads to this high CD80 expression needs to be investigated further.
CD95 (Fas) expression is capable of regulating B cell homeostasis [48] . Its expression is up-regulated upon activation, but ligation via its ligand (Fas ligand) elicits apoptotic signals [49] . In turn, this CD95-induced apoptosis can be avoided by strong signals with high-affinity antigens. The observed lower percentages of CD95 in LN compared with blood, BM, spleen, or tonsils can therefore be explained by the higher content of naive, not activated, B cells in LN.
Although in humans, mature B cells in BM were reported to be nondividing, we found a similar expression of the proliferation marker Ki67 in blood and BM. In secondary lymphoid organs, only a low percentage was seen, whereas an accumulation of Ki67 + B cells in germinal centers has been reported for SIV infection [50, 51] .
In addition to the analysis of activation and proliferation markers, we assessed expression of the chemokine receptors CCR7 and CXCR4, which are known to regulate trafficking and retention of B cells. Both chemokines showed a higher expression on naive compared with memory B cells, and overall, the expression was highest in the investigated secondary lymphoid organs. In summary, our data comply with the roles of CCR7 and CXCR4 in guiding B cells to the T cell zones of LN or follicles in Peyer's patches. In short, mature B cells exhibit site-specific phenotypic differences with respect to the distribution of naive and memory subpopulations and the expression of the above-mentioned markers. humans, are generated within secondary lymphoid organs and later accumulate in niches, such as BM [22] . Accordingly, we detected high frequencies of these cells in both BM sites and PB but only low frequencies in secondary lymphoid organs of our healthy rhesus macaques ( Fig. 4A and B) . Within their niches, plasmablasts differentiate into long-lived plasma cells with a high expression of CD38 and CD138 (CD38 ++ CD138 ++ ) [21] . We also identified a subset of CD19 + CD20 -CD38 ++ CD138 ++ cells in both BM sites, which was almost absent in PB and all analyzed secondary lymphoid organs ( Fig. 4A and C) . Intracellular IgG staining, as well as analysis of spontaneous IgG secretion by purified CD138 + cells, confirmed the plasma cell character of these cells (Fig. 5B and C) .
Circulating
As a result of low percentages in secondary lymphoid organs, we only compared the phenotype of CD38 + CD138 + cells between PB and the two BM sites, whereas analysis of the CD38 ++ CD138 ++ cell population was limited to the two different BM preparations.
Human plasma cells express low levels of CD45 and high levels of CD27 and differ localization dependent in their expression of Ki67, CD95, and CXCR4 [22] . We also observed a lower CD45 expression in both populations when compared with CD20 + B cells (Fig. 5A ), but although rhesus plasma cells have been reported to lack a high CD27 expression [20, 40] Overall, our data provide an excellent basis for further studies on disease-related dysfunctions of B and plasma cells. They also demonstrate the heterogeneity of BM from different sites, suggesting to restrict the analysis within 1 study to just 1 anatomic site. Finally, the analysis of frozen material might be an inadequate approach with respect to certain B cell populations. 
